Atmospheric gas-liquid discharge with argon as a working gas is presented by employed nanosecond pulse power. The discharge is presented in a glow-like mode. The discharge powers are determined to be less than 1 W, and remains almost constant when the discharge duration time increases. Bountiful active species are determined by capturing optical emission spectra, and their main generation processes are also discussed. The plasma gas temperature is calculated as 350 K by comparing the experimental spectra and the simulated ones of N C B , 2.
Introduction
Room temperature non-thermal plasma generated by gasliquid discharge attracted considerable attention for diversified applications in the areas of microorganism inactivation [1, 2] , medical technology [3, 4] and water purification [5] . For gas-liquid discharge, discharges that occur above the liquid surface or at the gas-liquid interface can initiate various physiochemical reactions and generate abundant active species. Active species (OH radical, O atom, NO and NO 2 radicals) can generate in the gas-phase or at the gas-liquid interface, then transport into liquid to induce further physiochemical reactions to form long-lived chemical products (O 3 , H 2 O 2 , NO 2 -and NO 3 -) [6, 7] . In the last two decades, the generation processes of reactive oxygen species (ROS) and their biochemical effects have been widely investigated [8] [9] [10] [11] . Liu et al developed a system-level model to research the indirect reaction between the discharge plasma and deionized water, and researched the diffusion and penetrate processes of ROS and reactive nitrogen species in gas and aqueous solution [9] . Wang presented a bipolar nanosecond pulse gas-liquid diffuse discharge at atmospheric pressure and the discharge was used to sterilize common microorganisms, which performed a high efficiency [12] . In the gas-liquid discharge, due to the excellent mobility of liquid, the liquid surface is easily disturbed by the electric field and gas flow, which can affect the stability of discharge and may lead to the discharge transferring to the spark or arc mode. At atmospheric pressure, the instability of gas discharge is mainly caused by electron instability and thermal instability [13] , which can induce the shrinking of discharge channels, resulting in arc discharge mode or spark discharge mode. On this circumstance, the energy efficiency is reduced with abundant energy consumption, and the local thermal equilibrium plasma can even lead to the damage of liquid sample, which limited the widespread application of gasliquid discharge plasma.
Nanosecond pulse power is probed to be effective in restricting the discharge transforming to arc or spark mode by optimizing the distribution of energy [14] . The rising time of nanosecond pulse is so fast that the discharge power is mainly consumed to accelerate electrons. Therefore, the gas heating effect is really unobvious, and the thermal instability of the discharge is avoided. Moreover, in the bipolar nanosecond pulse discharge, the positive and negative pulses appear alternately, and charges accumulated in the gas gap can release during the subsequent pulse discharge. As a result, the discharge stability can be efficiently improved [15, 16] . The advantages of high energy efficiency, high electron intensity, low power consumption, and low gas temperature is that the nanosecond pulse power can be widely used to generate nonthermal plasma [17] [18] [19] . This paper aims to present a stable gas-liquid discharge using a nanosecond pulse supply in the insulted container with small amount argon added. Discharge power, vibrational temperature, and rotational temperature are calculated to research the stability of the discharge. The Stark broadening of H α line is applied to calculate the electron density. Moreover, the mechanisms of generation processes of active species are discussed.
Experimental setup
The experimental setup is presented in figure 1(a) , which consists of a plasma generator, a bipolar nanosecond pulse power, and optical and electrical detection systems. The plasma generator presents an array structure with seven discharge units. Each discharge unit is made up of a quartz tube, a hollow steel electrode with the internal diameter of 2 mm, in which working gas is pumped. The steel electrode is connected to the mass flow controller and a nanosecond pulse power supply. The argon gas flow rate is 30 ml min −1 during the whole experiment. The quartz tubes in each discharge unit are welded on the horizontal quartz tube with the internal diameter of 14 mm, meanwhile an empty quartz tube is weld on the horizontal tube for exhausting gas. The horizontal tube is filled with water in the depth of 7 mm. When pulse voltage is applied to the steel electrode, a glow-like discharge occurs above the water surface in the horizontal quartz. A typical discharge image is shown in figure 1(b) .
The pulse voltage supplied by the bipolar nanosecond pulse power is in the range of 0-45 kV, and the rising time of pulse voltage is about 20 ns, the pulse frequency is 150 Hz. An Andor SR-750i grating monochromator (grating groove is 1200 lines/mm −1 , and glancing wavelength is 300 nm) is employed to collect the optical emission spectra of the discharge plasma. The optical fiber probe is placed next to one of the seven discharge units, and the spectra emitted from the whole discharge gap are measured by using a lens. The pulse voltage and discharge current are measured by the high voltage probe (Tek. P6015A 1:1000, 3.0 pF) and current probe (Tek. TCP312 100 MHz), respectively. All the waveforms of pulse voltage and current are collected in the oscilloscope (Tek. TDS5054B 500 MHz). The pH detector (PB-10, Sartorius, Germany) is used to measure the pH value of water treated by the discharge.
Results and discussion

Electrical characteristics
To study the electrical characteristics of the gas-liquid discharge, the time-resolved pulse voltage and discharge currents are recorded, which is presented in figure 2 . The discharge occurs in the falling edge of the pulse voltage, and the discharge current lagged behind the pulse voltage by 15 ns. Only one discharge current peak with the duration time of about 40 ns appeared in each pulse duration, In each pulse voltage duration, there is one discharge current peak appeared with 40 ns, which indicates the discharge duration time is far shorter than the time constant of thermal instability (typically less than 1 ms) [20, 21] . Therefore, the discharge can keep stable, though the discharge current density exceeds the threshold for transition. In nanosecond pulse discharge, electrons can be greatly accelerated in their short mean free path because of the short rising time of pulse voltage, while ions and neutral particles are hardly accelerated. What's more, the stable and regular waveform of discharge current indicates the breakdown occupies the whole electrode gap simultaneously in each pulse voltage duration, which is beneficial for preventing the shrink of discharge channels. Moreover, another role of quartz tube in our experiment is similar to the dielectric in dielectric barrier discharge, which can restrain the rapid increase of current intensity effectively, so that the transition to spark or arc mode can be prevented.
The discharge power was calculated by the following equation:
where P is discharge power, T represents the discharge period, U (t) is pulse voltage and I (t) is discharge current. By using this method, the discharge power under different conditions can be calculated. The discharge power is 0.6 W with the pulse voltage of 30 kV (V p =30 kV). The effects of discharge duration time on discharge power are subsequently researched to present the discharge stability. Figure 3 shows the discharge power varies with discharge duration time at V p =26 and 30 kV. The discharge powers stay almost constant when the discharge lasts for 20 min, indicating that the discharge power has a good stability for a large range of discharge operation time.
Optical emission spectra
To investigate the active particles and diagnose the gas temperature of gas-liquid discharge plasma, optical emission spectroscopy (OES) is applied, which is shown in figure 4 . The emission spectra in the wavelength from 300 nm to 450 nm consists of bands for OH A X In the nanosecond pulse discharge at atmospheric pressure, electrons can be greatly accelerated, and collide with Ar atoms, N 2 molecules and H 2 O molecules, inducing the excitation and ionization. Due to the high energy level of excite state Ar (4s) and Ar (4p), Penning reaction is also an important path to generate excited state N 2 molecules, OH radicals and O atoms. During the discharge process, the excited state Ar (4s) and Ar (4p) are mainly generated by an electron-impact reaction. The excited state N 2 (C) can be generated by an electron-impact reaction with ground state N 2 (X). Moreover, the excited state Ar (4s) and Ar (4p) is in the level of 11.5-11.7 eV and 13 eV, which are higher than the energy of N 2 (C) (about 11.1 eV) [22] . The excited state N 2 (C) can also be generated through the collisions between the excited Ar (4s)/Ar (4p) and the ground state N 2 (X). ), H (3P) and O (3p 5 P) can be produced through the energy transferring from Ar (4p) or Ar (4s) (for O (3p 5 P) from O). The generation processes of the excited species involved in our experiment are shown in the table 1.
In the table, σ (ε) presents the cross section of the reaction, and ε presents electron energy. The units of reaction rate constant are cm 3 ·s −1 . The parameter T presents the plasma gas temperature. The parameter θ presents the reduced electric field, θ=E/N (in the units of 10 −16 V·cm 2 ).
Plasma temperature
The plasma gas temperature is approximately equal to the rotational temperature of N 2 according to Luo et al [32] . The vibrational temperature (T vib ) and rotational temperature (T rot ) are determined by comparing the simulated spectra with the experimental spectra of N C B , 2 2 g 3 g 3 P  P Dn = -( ) through the software Specair [33] , which is shown in figure 5 . The T rot is 350 K and T vib is 2800 K, when the pulse voltage is set as 30 kV. So the plasma gas temperature is approximately 350 K.
For industry applications, the discharge stability for a long duration has to be considered. The variations of T vib and T rot with pulse voltage and discharge duration time are researched to present the stability of the discharge. Figure 6(a) shows the effect of pulse voltage on the T rot and T vib . As the pulse voltage increases, the T rot and T vib slightly rise, meaning that the pulse voltage has weak effects on the plasma temperatures. T rot and T vib vary with the discharge duration time at the pulse voltage of 26 kV and 30 kV, which is illustrated in figure 6(b) . The result shows that both T rot and T vib are almost unchanged when the discharge operation time increases. In the nanosecond pulse discharge, the energy is mainly deposited in high energy electrons instead of heating heavy particles; and the short discharge duration in a pulse period allows the ambient cool down sufficiently. Therefore, the gas heating process is really unobvious, and the plasma gas temperature is rather low in the whole experimental process.
Electron density
In the experiment, H α line is employed to calculate the electron density, due to its high sensitivity to Stark broadening. The full width at the half area (FWHA) of H α line is used to calculate the electron density derived from Gigosos et al [34] with correcting the mistyping by Nikiforov et al [35] : 
where Δλ vdWaals is in cm, α is the polarizability of the neutral perturber (16.54×10 −25 cm 3 for Ar perturber [37] ), R 2 is the difference between the square of the radius of the radiating electrons in the upper and lower level, μ is the reduced mass of emitter-perturber system, N is the density of neutral perturber.
Since the value of FWHA of H α line is larger than 1 nm, and the H α line presents a Lorentzian profile, the Stark broadening is determined by Δλ s A =Δλ FWHA −Δλ vdWaals [38] . When the pulse voltage and pulse frequency are set as 30 kV and 150 Hz, respectively, the electron density is about 7.02×10 16 
The fitting procedure to obtain FWHM of Stark broadening is given as the following formula [39] :
where Δλ L is the Lorentzian broadening, Δλ FWHM is the FWHM of H α line, and Δλ G is the Gaussian broadening. The electron densities in different pulse peak voltages derived from the two calculation methods are shown in figure 7 . The result shows that the electron density calculated from the FWHA of H α line is slightly higher than that from FHWM. However, the electron densities obtained from the two methods are at the same order of magnitude, indicating that a good agreement with electron density from the two methods is achieved.
The pH value
The pH value is researched to present the effect of discharge plasma on the characteristics of water electrode. Figure 8 shows the pH value varies with the discharge operation time with pulse voltage of 28 kV and 30 kV. The initial pH value of water is about 6.3. The pH values decrease sharply as the discharge treatment time increases. What is more, the pH value of 30 kV is always lower than that of 28 kV. The decrease in the pH value is due to the generation of HNO 3 and HNO 2 , which originated from NO and NO 2 in the gas-phase [40] .
Conclusions
A stable gas-liquid discharge is obtained by employing a nanosecond pulse supply in a quartz reactor at atmospheric pressure. Waveforms of pulse voltage and discharge current indicates that only one discharge with the duration of 40 ns occurred in each pulse voltage period. The discharge powers are calculated to be less than 1 W, and remains almost constant when the discharge duration time increases. The emission intensities of ROS reach a maximum value when the pulse voltage and gas flow rate are 30 kV and 30 ml min −1 . The plasma gas temperature is determined to be 350 K, which is close to the room temperature. The discharge power, vibrational and rotational temperatures are remain almost constant as the discharge duration time increases, indicating that the discharge is stable. The electron density is calculated as 10 16 cm −3 by using the Stark broadening of H α line in the form of FWHA and FWHM, respectively. The pH value of the treated water decreases with an increasing discharge treatment time.
